To fabricate a three-dimensional biomodels of intracranial aneurysms, using rapid prototyping technology, to facilitate optimal anatomical visualization of aneurysms prior to and during surgery.
Introduction

Rapid prototyping of three-dimensional biomodels as an adjuvant in the surgical planning for intracranial aneurysms
It is estimated that non-ruptured intracranial aneurysms (IA) affect 0.6 to 6% of the population 1 . The risk of rupture is approximately 2% per year 2 , which represents the primary complication of IA, and is responsible for 80% of all spontaneous subarachnoid hemorrhage cases 3 . The mortality risk for it is approximately 60% at six months 1 , which substantiates the importance of appropriate IA treatment.
The surgical treatment of saccular IA consists of exclusion of the aneurysmal sac from the cerebral circulation through microsurgical clipping or endovascular embolization 4 .
To facilitate treatment, as well as assist in choosing the surgical technique and strategy, various diagnostic methods are employed.
Among the non-invasive diagnostic methods, CT angiography (CTA) is the most commonly used because it achieves nearly 100% specificity and 95% sensitivity for the evaluation of polygon Willis aneurysms 5 . However, for presenting structures in twodimensional images, CTA can limit visualization of the aneurysmal neck 6 , which is the main region that needs to be clearly identified by the surgeon during pre-operative procedures 7 .
The main difficulties during the treatment of IA include predicting appropriate materials to be used, anatomical variations and procedural complications. It is well known, particularly in complex and wide-neck saccular aneurysms, that surgical planning is vital 8 to avoid excessive manipulation of the intracranial vessels and an extended surgical time, which are predisposing factors for aneurysmal rupture, infection and increased morbidity and mortality rates 9 .
Rapid prototyping (RP) comprises a set of technologies and automated processes capable of generating objects in three dimensions (3D), from two-dimensional images. It is an orderly process of overlapping layers of liquid resin; thus, it is possible to manufacture 3D structures in an automated and inexpensive manner 10 . In the healthcare field, the use of RP technology has been demonstrated to be suitable for fabricating maxillary prosthetics 11 and cranioplasty molds 12 .
In the field of vascular surgery, studies have reported the use of 3D models in surgical planning for aortic aneurysms 13 . The application of RP to IA has been suggested [14] [15] [16] , but less explored.
Thus, the aim of this study is to establish the feasibility of fabricating 3D biomodels of saccular IA and to demonstrate their use as an adjuvant in surgical planning.
Methods
The project was approved by the Ethics Committee of the Evangelical School of Paraná, which included waived informed consent, and followed the statements of Helsinki Declaration and 196/96 Resolution of the Brazilian National Council of Health.
The study was conducted in two phases. The first consisted of establishing the methodology to manufacture the pilot-prototype. The second described the initial experience with clinical cases, based on the same technique used in the first phase. It was fabricated three additional prototypes of IA of three different patients.
First phase
The fabrication of the pilot-prototype began by acquiring a CTA brain image containing a saccular aneurysm, which came from the database of the Neurology Institute of Curitiba.
The CTA image was composed of axial helical slices, coded in the international standard format called Digital Imaging and Once the three-dimensional computerized model was obtained, an impression was made using the Objet ® Eden 250
Rapid Prototyping machine. The Objet Studio software, on this machine, promotes a sequence of slices in the 3D model, whose distance is constant, to obtain geometric information of each layer separately. The printing is performed by overlapping these separate layers. After deposition of a resin layer, an elevator contained inside the machine lowers the entire prototype, so that the next layer is deposited 16 microns above the previous one. Finally, the prototype materialized by sequential overlapping of 2D layers.
The biomodel was fabricated out of a photosensitive liquid resin called FullCure 720. This resin solidifies when exposed to ultraviolet light, allowing the overlapping layer process. Given the structural complexity of the biomodel and to ensure integrity, another resin, FullCure 705, served as the support. After the Rapid
Prototyping process had finished, the support material was removed manually. The FullCure 720 resin has the advantage of the ability to be sterilized by ethylene oxide, enabling the manipulation of the prototype during surgery.
Second phase
Following the methodology employed in the manufacture of the pilot-prototype, three other models of IA of three different patients were printed to determinate if the prototypes are capable of reproducing the anatomy of saccular IA regardless of their location. These models had IA in the most commonly found locations in the circle of Willis: anterior communicating artery (35%), posterior communicating artery (35%) and middle cerebral artery bifurcation (20%) 17 . Subsequently, the morphology and dimensions of the prototypes were compared to brain digital subtraction arteriography images, considered to be the gold standard for IA visualization 3 , previously performed in these same patients.
Results
First phase
After completion of the first phase, a 3D resin model The entire process cost US$100 and took four days to be completed, from acquisition of the CTA through final materialized prototype.
Second phase
In the second phase, three prototyped biomodels were fabricated which reproduced the exact location of the three IA, in the most commonly found IA locations in the circle of Willis 17 .
The biomodels were printed in life-size so that the IA morphology, especially the aneurysmal neck, to be found by the surgeon during the surgical treatment, could be predicted with greater accuracy. (Figures 1-4) . 
Discussion
This study showed the feasibility of manufacturing 3D IA biomodels using rapid prototyping technology, from CTA images, to be used as an adjuvant in surgical planning. In 1990, Mankovich et al. 18 reported the first replication of human anatomical structures and, since then, RP has been widely used in many areas of healthcare. The most similarly related application of it is in making maxillary prosthetics 11 , cranioplasty molds 12 and for surgical planning of aortic aneurysms 13 . In the vascular neurosurgery field, in 1999, D'Urso et al. 16 first described the use of RP technique to fabricate IA prototypes, and reported that biomodels could optimize IA's treatment.
In the case of surgical techniques, studies suggested that biomodels may assist in the choice between an endovascular and an open surgical approach, as well as in the choice of the best surgical access to be used in microsurgery clipping cases 15 . Both microsurgery clipping and embolization procedures for IA involve many technical details. It is commonly difficult to predict the size, quantity and angles of the clips to be used for each aneurysm. Thus, being identical to the actual structures, biomodels can facilitate the prediction of surgical techniques and approaches during the preoperative period 14, 15 .
Emphasis is placed, especially in cases of complex anatomy, on the ability to view the anatomical structures and its surroundings, from any perspective, to provide a better understanding of the angioarchitecture of the aneurysm and arteries involved in each case 16 . Generally, patients with complex wide neck aneurysms have an indication for microsurgical clipping 19 , which demands greater skill of the surgeon performing the procedure 15 . Less experienced surgeons, residents or even those who have not attained the learning curve, may benefit from biomodels, both for anatomical recognition 16 and for handling the clips and appliers 15, 20 . While currently the amount of open surgery is limited, the use of RP for surgical simulations of IA could be crucial to enhance the skills of less experienced surgeons.
At the beginning, Wurm et al. 14 believed that the vessel wall, the geometry of the neck, the configuration and direction of the aneurysm and evidence of small perforating arteries would be the most important characteristics targeted by the surgeon. After application of a questionnaire to five surgeons, this hypothesis was confirmed.
Previously studies showed that the main disadvantages of using RP for surgical planning were a delay of the process and associated costs. Kimura et al. 15 reported that seven days are required to prototype a biomodel and the associated cost to do it is around US$ 300 to 400. In this study, the average cost 
15
.
For emergency cases, such as ruptured aneurysms, a time of 20 hours is inappropriate 15 . However, 20 hours is acceptable for elective surgeries, considering that surgical and preoperative planning take a few days. Moreover, the cost of producing a biomodel, compared to the total cost of the surgery, becomes insignificant.
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The process of informed consent to the patient about the diagnosis of IA and its treatment, with possible risks and benefits, is another significant advantage of this technique. As a matter of fact, biomodels can facilitate the explanation of the case and surgical risk to the patients and their relatives 14, 15 . Studies have reported that the existence of a physical prototype, in fact, assisted in obtaining informed consent of the patients, improved understanding the disease and the surgical procedure that would be performed 14, 16 . Finally, it is important to emphasize that an actual physical model of the 3D surgical anatomy preoperatively provides great confidence to the surgeon, and consequently to the patient, and may even reduce the surgical time and risk.
One of the limitations found in this process was the unfeasibility of making hollow prototypes resembling the vascular structure as much as possible. Moreover, prototypes do not show the presence of intra-arterial thrombus or calcification, which has previously been described 14, 16 . However, according to Kimura et al. 
Conclusions
It is possible to fabricate a three-dimensional identical physical biomodels of IA from CTA images. These prototypes are representative of the IA and, since they predict aneurysmal architecture, may better define the surgical technique and the appropriate choice of materials.
